The plug potential is formed experimentally, even without high energy sloshing ion population in the end-mirror cells of a tandem mirror. It has been shown analytically that the plug potential can be formed in the present experimental conditions by using the plausible distribution functions of ions and electrons and a small ionization source. In this paper, the required ionization rate is estimated for the continuous potential profile around the plug by using Emmert's source.
The original scenario of the plug potential formation requires high energy sloshing ions, as well as populations of electrostatically trapped warm electrons and magnetically trapped high energy electrons. 1 The present tandem mirror experiments, however, form a plug potential without the population of sloshing ions. 2, 3 We have proposed the mechanism of the plug potential formation in the end cell of a tandem mirror. [4] [5] [6] That is, the plug potential is formed by the charge neutrality condition of ions and electrons. Here, some of the ions come from the central cell and others are trapped magnetically in the thermal barrier region and a little amount of ionized ions is included. On the other hand some of the electrons come from the central cell and the remains are trapped electrostatically in the plug region.
At the point of the potential maximum in Fig. 1͑a͒ , there is a flow of ions from the central cell. On the other hand the electrons are prevented by the potential from escaping to the end-wall. The situation around the plug region, therefore, is the same as that of the sheath potential formation, which leads to discontinuity of the potential profile.
The formation of the sheath potential in front of the wall has been studied extensively. 7 Although the sheath formation can be avoided by a plasma flow velocity much like the Bohm sheath condition, 8 the ion flow velocity is zero at the plug because the plug is the position at the potential maximum. To the authors' knowledge we do not know that the sheath potential exists stably in the region where the plasma is confined experimentally. We believe that the charge neutrality condition holds around the plug, so that we seek the condition that the jump of the potential does not appear.
We have introduced the distribution function of ions, which come from the direction of the end-wall toward the central cell. This population of ions makes the distribution function continuous across the line ϭB p ϩe p in the velocity space, which is localized in the gray region pointed out by the arrow with the ''continuous distribution function'' in Fig. 1͑b͒ . Here , are energy and magnetic moment, and B p , p are the heights of the magnetic field and the potential at the plug. This distribution function makes the potential continuous around the plug region. 6 We have concluded that a small amount of ions which come from the direction of the end-wall plays an important role in the formation of the plug potential without discontinuity. If this ''continuous distribution function'' in Fig. 1͑b͒ is supplied by the ionization process, the ''continuous distribution function'' is not realistic because these ions have a high perpendicular energy, which is almost the same as that of passing ions, around the plug. In this paper we assume that the population of ions which come from the direction of the end-wall are supplied by the ionization of neutral atoms. Instead of the ''continuous distribution function'' in Fig.  1͑b͒ we adopt the Emmert's source 9 as an ionization source, which is considered to be a plausible source term in the sheath potential formation,
͑1͒
Here ͗v͘ is the ionization rate coefficient, n e , n 0 are the densities of the electrons and neutral atoms, respectively, T ni , m i are the temperature and the mass of ionized ions. The variable v ʈ is the velocity along magnetic field line which is given in term of and to be v ʈ (z,,) ϭͱ2͕ϪB(z)Ϫe(z)͖/m i . The distribution function of ionized ions f ioni is obtained by the source term ͑1͒,
where z turn and x satisfy, respectively,
Here z p , z m are the axial coordinates of the plug and outer mirror throat, respectively, and z 0 is the axial position where ions are born. The distribution function f ioni is localized in the dark painted region which is pointed by an arrow with ''ionization,'' in the velocity space in Fig. 1͑b͒ . So, the ion distribution is discontinuous across the line ϭB p ϩe p . The ion distribution function in the other region of velocity space is given, respectively,
in the region v ʈ у0 and уB i ϩe i and уB p ϩe p , and
in the region ϽB i ϩe i and уB p ϩe p . The distribution function of the Yushmanov trapped ion between z p рzрz m is
where
represent the quantity at the inner mirror throat, outer mirror throat and plug, respectively, as shown in Fig. 1͑a͒ Figure 2 shows the axial potential profiles calculated on the assumption of the charge neutrality condition by using the ion and electron distribution functions. The plug is assumed to be located at the axial position B p /B b ϭ2. The magnetic field axial profile is adopted to that of the GAMMA10 end-mirror cell. 2 The magnitude of the potential zϭz m must be given in advance in order to determine the potential profile. That is, the separatrix ϭB m ϩe m is given at first to determine the loss cone in Fig. 1͑b͒ . So the different potential profiles in Fig. 2 correspond to the different boundary conditions of m , where m is the at z ϭz m . The continuous potential is found to exist only in the range of m given in Fig. 2 in the calculation. For example, when the magnitude of e m /T i is larger than 1.9 or is smaller than 1.3, the continuous potential is not obtained in Fig. 2͑a͒ .
The distribution function f ioni in ͑2͒ resulting from ionization is taken into account in Fig. 2 . If there is no ionization around plug the potential jump ͑sheath potential͒ appears at zϭz p . 5, 6 Here we have assumed T ni /T i ϭ0.01 in the calculation. The density of the ionized ions is extremely smaller than that of the passing and trapped ions so that the density profile does not change due to the inclusion of the effects of ionization. The height of the potential depends on the coefficients of ␣ i and ␣ e as well as the magnitude of m .
The required ionization rate for the formation of the continuous potential profile is shown in Fig. 3 . As is seen in the figure the ionization rate is proportional to the quantity Fig. 4 . When the plug locates at a higher magnetic field, i.e., larger B p /B b , the larger ionization is required to avoid the sheath potential formation. This is due to the fact that the potential profile around the plug is flatter for the lower B p /B b . Figure 5 shows the required ionization rate in the case of B p /B b ϭ2. The different temperatures of the neutral atoms T ni /T i are plotted in the figure. The lower temperature T ni requires the lower ionization rate for the continuous potential profile.
Now we estimate the required ionization rate in the GAMMA10 tandem mirror. 2 As seen in Fig. 5 the condition 2n 0 ͗v͘/v 0 տ10 Ϫ3 /cm should be satisfied for the continuous potential formation around the plug in the case of B p /B b ϭ2. That is, n 0 ͗v͘ should be larger than 1.2ϫ10 3 /s with the assumption of T ni ϭ3 eV of hydrogen ions. Defining the ionization time ioni ϵ1/(n 0 ͗v͘), we obtain the condition ioni Շ8.3ϫ10 Ϫ4 s for the continuous potential formation.
In summary it is found that the continuous plug potential profile can be formed by including the ionization source. The Emmert's source was adopted as an ionization term. The ionization time ioni Շ1.0ϫ10 Ϫ3 s is necessary for the potential to be continuous across the plug, i.e., to be formed without the sheath potential formation. The required value of ioni , however, is one order magnitude shorter than that expected in GAMMA10. 5, 10 A different mechanism playing the role of ionized ions, therefore, should be suggested. The ion distribution function in the dark painted region in Fig. 1 , which is shown by an arrow with the comment of ''continuous distribution function,'' is expected to be supplied, for example, by the oscillation of the plug potential.
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